We define the effective Fresnel number of the cylindrical lens illuminated by a plane wave or Schell-model beams. On the basis of the concept of the effective Fresnel number, the focusing properties of the cylindrical lens illuminated by the Schell-model beam are investigated in a simple way. It is shown that the relative focal shift can be evaluated by an analytical formulation, which is expressed as a function of the effective Fresnel number. To evaluate our approach, we make the comparison between the results obtained by our method and the numerical calculation based on the diffraction integral. The results indicate that we can simply and exactly evaluate the focal shifts with our method.
INTRODUCTION
The Fresnel number is an important parameter for characterizing the diffraction properties of an optical system. In recent years, focusing of some kinds of beams at a low Fresnel number has received a lot of attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] because of the so-called focal shift effect; i.e., at a low Fresnel number the maximum on-axis intensity is shifted from the geometrical focal plane toward the aperture, and the magnitude of focal shift is governed by the Fresnel number of the focusing geometry. In classical methods the focal shift versus the Fresnel number of the optical system is investigated by numerical calculation. Recently, Martínez-Corral reported on an analytical formulation to evaluate in a simple way the relative focal shift, which is based on the concept of the effective Fresnel number. 12 However, little attention has been paid to the focusing properties of the focused partially coherent beams. 13, 14 In fact, it is very interesting and necessary to investigate the partially coherent beams because partially coherent beams exhibit some advantages over those of complete coherence, such as their low sensitivity to speckle and their potential applications in laser fusion. It has been demonstrated that partially coherent beams are less affected by the atmospheric turbulence than are fully coherent ones. 15, 16 On the other hand, a high-power laser beam with the multitransverse mode can be described by partially coherent beams. 17 In this paper, we define the effective Fresnel number of the focused partially coherent beams. The comparison with that of spatially fully coherent beams is made, and the result shows that the effective Fresnel number of the focused partially coherent beam can be specified to that of the focused fully coherent beam. On the basis of the concept of the effective Fresnel number, we study the focusing properties of the cylindrical lens illuminated by the Schell-model beam. We find that the relative focal shift of the focused Schell-model beam can be expressed as a function of the effective Fresnel number. It is shown that the effective Fresnel number permits us to evaluate the relative focal shift in a quite simple way.
EFFECTIVE FRESNEL NUMBER OF THE FOCUSED PLANE WAVE
Let us first consider the on-axis irradiance distribution when the plane wave is incident on the cylindrical lens. It is assumed that the lens is located at the z =−f plane, and the amplitude distribution can be written as
where f denotes the focal length of the cylindrical lens.
Particularizing the Fresnel diffraction formula for the axial points, we can get the on-axis amplitude distribution of the focused field:
where z denotes the axial coordinate measured from the paraxial focal point F.
Then we can get the normalized axial irradiance distribution,
͑3͒
and it can be simplified to
where
We expand the normalized irradiance distribution into the Taylor series at the geometrical focus ͑u =0͒ and restrict the series to a quadratic approximation, i.e.,
By straightforward calculation, we obtain the approximated expression of the normalized axial irradiance distribution:
By simple calculation, we can get the point where the maximum of the approximated normalized axial irradiance appears and the value of the relative focal shift:
͑10͒
We define the effective Fresnel number as
and then we can find
͑14͒
By integral calculation, we can get the analytical expression of the effective Fresnel number of the cylindrical lens illuminated by the plane wave:
In Section 3, we expand the concept of the effective Fresnel number to partially coherent beams, and the effective Fresnel number of the focused Schell-model beam is obtained, based on which we can get the simple analytical expression of the relative focal shift as a function of the effective Fresnel number.
EFFECTIVE FRESNEL NUMBER OF THE FOCUSED SCHELL-MODEL BEAM
In this section, we consider the on-axis irradiance distribution when the cylindrical lens is illuminated by the Schell-model beam. In front of the lens, the cross-spectral density of the Schell-model beam is expressed as
where ͑0͒ ͑x 2 Ј − x 1 Ј , ͒ denotes the spectral degree of coherence, x 1 Ј and x 2 Ј are the transverse coordinates in the lens plane, and 0 indicates the spatial coherent length.
Therefore the cross-spectral density of the focused Schell-model beam just behind the lens is given by
The angle brackets and asterisk in Eq. (17) indicate the ensemble average and the complex conjugate, respectively. Substituting Eqs. (16) and (18) into Eq. (17), we obtain
͑19͒
On the basis of the paraxial propagation law of the cross-spectral density of the partially coherent light, we can get the cross-spectral density in the plane z
18
:
͑22͒
Then we can get the on-axis irradiance distribution,
We can get the normalized on-axis irradiance distribution:
We follow the same steps that we do in Section 2; i.e., we expand the normalized irradiance distribution into the Taylor series at the geometrical focus ͑u =0͒ and restrict the series to a quadratic approximation, and we obtain
͑31͒
By simple calculation, we can get the point where the maximum of the normalized axial irradiance occurs:
͑32͒
Then the relative focal shift can be evaluated as
We define the effective Fresnel number for the focused partially coherent beam as follows:
Then the relative focal shift is revealed as
͑36͒
In Fig. 1 , we plot the effective Fresnel number of the focused plane wave and the Schell-model beam (when ⌬ → ϱ) as functions of the radius of the lens a. It is shown that the effective Fresnel number increases with the increment of the lens radius a.
We can see that when the relative spatial coherent length of the Schell-model beam ⌬ → ϱ the effective Fresnel number of the focused Schell-model beam is consistent with that of the focused plane wave shown in Eq. (15) . It means that the effective Fresnel number of the focused partially coherent beam can be specified to that of the focused fully coherent beam; i.e., the effective Fresnel number is applicable to both the case of the partially coherent beam and that of the completely coherent beam.
RELATIVE FOCAL SHIFT OF THE FOCUSED SCHELL-MODEL BEAM
We start by considering the relative focal shift of the focused Schell-model beam. In the conventional method, on the basis of on Eq. (24) we can plot the relative focal shift versus the Fresnel number by numerical calculation as shown in Fig. 2 . It is found that the relative focal shifts increase with the increment of the Fresnel number, but for a fixed Fresnel number the different spatial coherences result in different relative focal shifts. Figure 3 shows the relative focal shift versus the effective Fresnel number, which is also based on the numerical calculation. It is shown that the curves corresponding to three relative coherence lengths nearly overlap. It means that the relative focal shift depends only on the effective Fresnel number.
For different Fresnel numbers, we can plot the relative focal shift versus the relative coherent length as shown in Fig. 4 . We can see that the relative focal shifts increase with the increment of the spatial coherence, but for a fixed spatial coherence the different Fresnel numbers result in different relative focal shifts.
For different Fresnel numbers, we plot the relative focal shift as a function of the effective Fresnel number, which is shown in Fig. 5 . It is shown that when N eff s ജ 1 the three curves corresponding to three relative coherence lengths nearly overlap, and when N eff s Ͻ 1 the discrepancy occurs, which happens because we have restricted the Taylor series to a quadratic approximation in expression (29).
Just as indicated above, the concept of the effective Fresnel number contains the concept of the traditional Fresnel number and that of the spatial coherent length.
The above discussions are based on the numerical calculation of the diffraction integral. However, in Section 3 we obtain the analytical expression of relative focal shift as a function of the effective Fresnel number [seen in Eq. (36)], i.e., Z max / f =−1/ 2 N eff s 2 . On the basis of this formula, we can get the relative focal shift with a quite simple method. Figure 6 shows the relative focal shift versus the effective Fresnel number. It is shown from In Fig. 7 , we plot the relative focal shift as a function of the effective Fresnel number by numerical calculation of the diffraction integral as well as by our method [i.e., Eq. (36)]. It is shown that, for the case of a fixed Fresnel number or fixed relative coherent length, the curves we get from our method highly agree with the curves obtained from the classical numerical calculation. However, at a low effective Fresnel number, the two curves are slightly inconsistent with each other, and this discrepancy takes place, deriving from expression (29), where we restrict the Taylor series to a quadratic approximation. We can see that our method can be employed to evaluate the focal shifts of the focused partially coherent light easily and exactly.
CONCLUSIONS
We define the effective Fresnel number of the cylindrical lens illuminated by the plane wave and the Schell-model beam. It has been demonstrated that the effective Fresnel number of the focused partially coherent beam can be specified to that of the focused coherent beam. By numerical calculation, we can see that the concepts of both the Fresnel number and the spatial coherent length are embodied in that of the effective Fresnel number. Furthermore, we present a quite simple analytical expression of the relative focal shift in the second-order approximation, as a function of the effective Fresnel number. To illustrate our approach, we plot the relative focal shifts as a function of the effective Fresnel number, given by numerical calculation of the diffraction integral as well as by the analytical expression. It is shown that we can obtain the focal shift on the basis of the effective Fresnel number easily and exactly.
